Background: Systemic hypertension and proteinuria are established adverse effects of tyrosine kinase inhibitor treatment in people.
V ascular endothelial growth factor (VEGF) plays a key role in tumor neoangiogenesis, which is essential for tumor growth and metastasis. 1 Tyrosine kinase inhibitors (TKI) have been developed as antineoplastic therapies in humans and dogs, with some TKI being capable of inhibiting the VEGF pathway. 2, 3 Toceranib phosphate a is a TKI that was approved by the FDA for use in the treatment of mast cell tumors in dogs in 2009 and has subsequently been found to have activity against other tumor types. 2 Systemic hypertension (HT) has emerged as a frequent adverse effect in people treated with TKI. 3, 4 Hypertension occurs in 16% to 47% of human patients treated with sunitinib or sorafenib. [5] [6] [7] [8] [9] The exact mechanism of TKI-induced HT is not fully understood, but decreased nitric oxide (NO) bioavailability appears to be an essential component. 3 VEGF signaling results in increased production and release of NO by endothelial cells. 10 NO is a potent vasodilator that plays an important role in maintaining normal vascular tone. 11 Decreased NO production mediated by VEGF pathway inhibitors like TKI results in increased vasoconstriction and subsequently increased vascular resistance leading to HT. 12 Other mechanisms might also contribute to TKI-induced HT and include arterial rarefaction, increased arterial stiffness and renal thrombotic microangiopathy. [13] [14] [15] [16] In addition to HT, TKI might result in other adverse effects in people including proteinuria, thrombosis, and hemorrhage. 17 The pathogenesis of TKI-induced proteinuria is not fully understood. VEGF has been shown to play a role in podocyte survival as well as maintaining the integrity of the renal endothelial cell lining. 18, 19 In mice, decreased VEGF concentrations result in a glomerulopathy associated with proteinuria, endotheliosis, and hyaline deposits. 20 Hypertension might also contribute to the proteinuria observed in people taking TKI.
Human oncology patients are screened regularly for potential complications during treatment with TKI. Screening for proteinuria and HT is recommended before the administration of TKI and blood pressure is monitored regularly while patients are treated with these agents. Most patients that develop TKI-induced HT are responsive to antihypertensive agents. 21 Patients with severe or persistent HT that fail to respond to antihypertensive treatment might require a temporary or permanent discontinuation of treatment with TKI to stabilize their blood pressure.
Although multiple studies have found the use of TKI in people to be associated with HT, minimal information exists on this potential relationship in companion animals. To date, the reported adverse effects of toceranib phosphate in dogs include diarrhea, anorexia, vomiting, musculoskeletal pain, weakness, weight loss, occult blood in stool, lethargy, neutropenia and dermal abnormalities. 2 We recently showed that the use of toceranib phosphate was associated with increases in systolic blood pressure (SBP) in the majority of dogs in a small preliminary retrospective study, and that 40% of the dogs with cancer in the retrospective study had previously undiagnosed HT at enrollment.
b The primary objective of this study was to investigate the effect of toceranib phosphate on systolic blood pressure and incidence of proteinuria prospectively in dogs with cancer. Secondary objectives included comparison of the prevalence of systemic HT and proteinuria in the treatment population of dogs with cancer before treatment to prevalence of systemic HT and proteinuria in agematched healthy control dogs.
Materials and Methods

Dogs
Client-owned dogs were prospectively enrolled by the UW Veterinary Care cardiology and oncology services between February 2014 and July 2015. All owners signed an informed consent form giving permission to participate in the study. The study was approved by the University of Wisconsin Animal Care and Use Committee. Control dogs ≥8 years of age were recruited to act as a control group. Exclusion criteria included known renal disease or systemic hypertension measured at the time of screening, clinically relevant systemic disease, evidence of urinary tract infection on baseline screening or current treatment with any vasoactive medications, including but not limited to vasodilators or phenylpropanolamine. Dogs that were to receive toceranib phosphate for treatment of various neoplastic diseases were recruited for screening. Exclusion criteria for prospective treatment dogs included evidence of urinary tract infection on baseline screening urinalysis or current treatment with any vasoactive medications. Dogs that were enrolled but did not receive toceranib phosphate consistently between the two visits were excluded from treatment analyses.
Study Design
This study was designed as a prospective cohort study to investigate changes in SBP and the incidence of proteinuria in dogs treated with toceranib phosphate compared to healthy agematched controls at Day 0 and Day 14. A baseline evaluation was performed on all dogs on Day 0. Control dogs had history and physical examination results recorded to exclude the presence of overt systemic disease. Treatment dogs were evaluated by the veterinary oncologist in charge of each dog's clinical care. Day 0 study evaluation included blood pressure assessment, urinalysis, and urine protein to creatinine ratio (UPC) assessment. Blood pressure was measured using oscillometric or Doppler techniques as previously described. 22, 23 At each assessment event, 6 measurement repetitions were recorded; the initial SBP reading was discarded and the SBP recorded as representative for that event was the mean of the last 5 values obtained. Hypertension was defined as SBP ≥ 160 mmHg and proteinuria was defined as UPC ≥ 0.5, as previously recommended by ACVIM consensus statements. 24, 25 Blood pressure assessment was repeated within 6 hours in patients with initial SBP ≥ 160 mmHg. If the SBP remained elevated further evaluation was recommended to screen for causative disease and hypertensive injury, including fundic examination.
At the time of screening, apparently healthy dogs that were diagnosed with HT were excluded from further analysis (n = 4). Dogs scheduled to received toceranib phosphate treatment were divided into 2 groups based on SBP recorded at screening: dogs that were normotensive were assigned to Group 2a and dogs diagnosed with HT were assigned to Group 2b. After baseline evaluation, dogs enrolled in Group 2a received toceranib phosphate at a standard dose as previously published. 2 Group 2b dogs received toceranib phosphate as described, but were also treated with standard-of-care treatment for HT, including amlodipine besylate (0.2-0.4 mg/kg PO q 24 hours), enalapril maleate (0.5 mg/kg PO q 12 hours), or both, initiated at the discretion of the attending veterinarian. Some dogs were treated with additional medications, including corticosteroids, at the discretion of the oncologist. All dogs were re-evaluated on Day 14 (AE3 days) at which time a UPC and blood pressure measurements were performed.
Statistical Analysis
All statistical analyses were performed using commercially available software.
c P values ≤0.05 were considered significant. Weight and age on Day 0 and SBP and UPC on Day 0 and Day 14 were tested for normal distribution (D'Agostino & Pearson omnibus normality test). SBP values were normally distributed but normal distribution could not be assumed for UPC data. Baseline data for all dogs weres compared between control dogs and treatment dogs. Treatment dogs were then divided into two groups based on initial SBP, and subsequent analyses included 3 groups, Group 1 (control dogs), Group 2a (normotensive treatment dogs), and Group 2b (hypertensive treatment dogs). When comparing control and treatment groups at baseline, a paired Student's t-test or Wilcoxon signed rank test was used to compare mean or median values for paired data as appropriate. For unpaired data comparisons, a Student's t-test or Mann-Whitney U-test was used. Proportional comparisons between control and treatment groups were evaluated with Fisher's exact test. Day 0 and Day 14 SBP and UPC values were compared in each group using a paired Student's t-test or Wilcoxon signed rank test. One-way ANOVA or Kruskal-Wallis testing was used to compare means or medians among Group 1, Group 2a and Group 2b dogs, at Day 1 and Day 14. When differences among the groups were detected, Tukey's multiple comparison test was used as a posthoc analysis to identify groups that differed significantly (P < 0.05).
Results
Enrollment
Twenty-six control dogs were initially enrolled; 6 dogs were excluded due to HT detected at first visit (n = 4), presence of a UTI (n = 1) and 1 dog was lost to follow-up, resulting in 20 control dogs available for analysis (Group 1). Thirty dogs with cancer were enrolled in the initial treatment group (Groups 2a and 2b). One dog each in Group 2a and Group 2b had their data excluded from analysis because they did not receive toceranib phosphate consistently between visit 1 and visit 2. Of the 28 remaining treatment dogs screened, 18 were normotensive (Group 2a) at baseline and 10 were hypertensive (Group 2b) at baseline. The UPC data from 6 of the 10 dogs in Group 2b were censored from analysis because a UPC was not performed at visit 1 (n = 1) or visit 2 (n = 3) or because a urinary tract infection was detected at visit 1 (n = 2). Due to an incomplete data set, UPC data for dogs in Group 2b at baseline were not analyzed.
Population at Screening
Descriptive statistics for the control dogs (n = 26) and treatment dogs (n = 28) at screening are presented in Table 1 . The neoplasia type for the 28 treatment dogs was carcinoma (n = 9), mast cell tumor (n = 6), hemangiosarcoma (n = 5), osteosarcoma (n = 4), neuroblastoma, melanoma, soft tissue sarcoma, and large cell lymphoma (n = 1 each). Four dogs in total were receiving prednisone at the time of enrollment and during the study period; 3 dogs from Group 2a and 1 dog from Group 2b. There was no difference in the gender distribution or median age between control dogs and treatment dogs. Median weight of the control dogs was significantly lower than that of treatment dogs (P = 0.012). The number of days elapsed between visit 1 and visit 2 was not statistically different (P = 0.314) between control dogs (n = 20) and treatment dogs (n = 28).
At screening, the mean SBP and median UPC did not differ between control and treatment groups. The frequency of proteinuria (UPC > 0.5) in the control group (0/20 dogs, 0%) did not differ from that in the treatment group (6/28 dogs, 21%, P = 0.069). Four of 26 control dogs (15%) were diagnosed with HT versus 11/30 (37%) dogs in the treatment group (P = 0.13).
Time Point Comparisons
Mean SBP and median UPC did not differ in Group 1 dogs between visit 1 and visit 2 ( Table 2 ). In Group 2a dogs, mean SBP was significantly higher at visit 2 (P = 0.0013), but median UPC was unchanged (P = 0.51). In Group 2a, 12/18 (67%) dogs experienced an increase in SBP > 10 mmHg, and 6/18 (33%) had a > 20 mmHg increase in SBP. In Group 2b dogs, mean SBP was unchanged between visit 1 and visit 2; there were insufficient data to compare UPC in this group. In Group 2b, 3/10 (30%) dogs had a > 10 mmHg increase in SBP and 2/10 (20%) had a > 20 mmHg increase. The frequency of abnormal UPC in Group 2a was 2/18 (11%) at visit 1 and 4/18 (22%) at visit 2 (P = 0.66). Fig 1) . Four of 20 (20%) Group 1 dogs had SBP ≥ 160 mmHg at visit 2 compared to 5/18 (28%) of Group 2a dogs (P = 0.709). The mean (SD) change in SBP between visits 1 and 2 did not differ between Group 1 and Group 2a, but the mean change in SBP in Group 2b (À6 mmHg) differed significantly from Group 2a (+16 mmHg, P = 0.048), but not Group 1 (+4 mmHg). Median UPC1 and UPC2 were compared between Group 1 and Group 2a dogs only; Group 2b had an incomplete data set. Group 2a dogs had UPC1 (P = 0.042) and UPC2 (P = 0.014) that were significantly higher than Group 1 dogs, but there was no difference detected in median UPC between visit 1 and visit 2 in Group 2a dogs (P = 0.51). No dogs in Group 1 had abnormal UPCs at visit 1 or visit 2 and there was no difference between visit 1 and visit 2 (P = 0.53). In Group 2a, 2/18 (11%) had UPC1 ≥ 0.5 (2.27 dog 1, 12.9 dog 2); the abnormal values in these dogs increased at visit 2 (5.71 dog 1, 19.23 dog 2). Two Group 2a dogs with a normal UPC at baseline had an abnormal UPC at visit 2. The UPC was abnormal in 3/7 (43%) Group 2b dogs that had UPC recorded at baseline. There was no difference in the percent Table 1 . Screening visit information in healthy dogs ("Control") and dogs with cancer ("Treatment"). abnormal UPC at baseline between Group 1 dogs (0%) and Group 2a dogs (11%, P = 0.22). In Group 2b, 4 dogs received no treatment (SBP1 range: 163-174 mmHg). Of these 4, SBP normalized at visit 2 in 2 dogs and remained abnormal in 2 dogs. Six dogs received antihypertensive treatment; 4 dogs (SBP1 174-189 mmHg) received enalapril as a monotherapy (~0.5 mg/kg q 12 hours) and 2 dogs (SBP1 174 and 199 mmHg) received a similar dose of enalapril paired with amlodipine (0.2-0.25 mg/kg q 24 hours). No dog treated with enalapril as monotherapy showed a decrease in SBP between visits (range of change +1 mmHg to +28 mmHg), while the 2 dogs treated with both drugs showed changes in SBP of À40 mmHg and À36 mmHg, respectively.
Group Comparisons
SBP at baseline was significantly higher in Group 2b dogs compared to both Group 1 and Group 2a dogs (P < 0.0001, Table 2, Fig 1). SBP at Day 14 was significantly higher in Group 2b dogs compared to Group 1 dogs (P = 0.004), but there was no difference between Group 2a and Group 2b (Table 2,
Discussion
This study was designed to generate an age-matched control group and resulted in study groups that were well-matched in terms of age and gender. The median weight of the control dogs was lower than that of treatment dogs but although SBP is higher in some breeds of dogs, body weight (overweight, underweight) appears to have minimal effect. 26 The mean SBP did not significantly differ between groups. In a recent study of dogs with lymphoma, affected dogs had significantly higher SBP than control dogs. 27 The control dogs and the affected dogs did not differ in age in that report, but the control dogs were slightly younger than the control dogs of this study. Our older control group might have narrowed the difference between control and treatment dogs as BP increases with age in dogs. 26 There was no statistical difference in the frequency of HT in the treatment group compared to the control group. The frequency of confirmed HT in the control group (15%) is comparable to the prevalence of HT in clinically normal Shetland sheep dogs in a recent study (13%) 28 , and is similar to the estimated population prevalence of HT previously published for dogs (10-22%). 29 The prevalence of HT in dogs with neoplasia has not been well-studied, although in the study of dogs with lymphoma previously cited, over half of the lymphoma dogs had SBP ≥ 150 mmHg at screening. 27 The frequency of HT at baseline in our small percent of dogs normotensive at previous visit that had SBP ≥ 160 mmHg at visit 2, # Mean (SD) difference in SBP between visit 1 and visit 2. SBP, systolic blood pressure; HR, heart rate; UPC, urine protein:creatinine ratio; NS, no significant difference (significance defined as P ≤ 0.05); NA, not applicable. Parametric data are expressed as mean (AESD); nonparametric data are expressed as median [range] . Groups with differing superscripts are significantly different at the P value indicated. HT, percentage of dogs with systemic hypertension: ≥160 mmHg; Abn UPC: UPC ≥ 0.5. population was 37%, which is similar to the prevalence of HT as a comorbidity in adult people with various types of neoplasia (32-48%). 30, 31 These findings suggest that screening for HT in all patients with neoplasia might be warranted.
There was no statistical difference in the median UPC of control dogs and treatment dogs at baseline. The prevalence of proteinuria in treatment dogs tended to be higher than the control dogs and despite the range of neoplasia types represented in this study, was comparable to the prevalence of proteinuria in dogs with lymphoma or osteosarcoma previously reported (9-25%).
Group 2a dogs treated with toceranib phosphate had significantly higher SBP after the initiation of TKI treatment, which appears consistent with previous reports in both dogs b and people. [3] [4] [5] [6] [7] [8] [9] In a study of 20 human patients receiving sorafenib, mean SBP increased from 131 to 151 mmHg, with 75% of patients experiencing an increase of >10 mmHg and 60% increasing >20 mmHg. In our study, the change in mean SBP was similar (136 to 152 mmHg) with 67% of dogs experiencing an increase in SBP > 10 mmHg, and 33% increasing >20 mmHg. 15 These findings suggest that the HT response of dogs receiving toceranib phosphate might be similar to those of people receiving similar drugs. The exact mechanism for TKI-associated HT in dogs remains unknown and was not the focus of this study. Human studies suggest that both normotensive and hypertensive patients experience an increase in SBP in response to angiogenesis-inhibiting medications. 5, 33 In our study, the use of antihypertensive medication in many Group 2b dogs makes the SBP response to toceranib phosphate treatment difficult to discern in that group. Nonetheless, the >20 mmHg increase in SBP seen in 33% of Group 2a dogs suggests that monitoring of SBP during toceranib phosphate treatment is indicated.
Group 2b dogs were hypertensive at baseline and remained hypertensive despite concurrent antihypertensive treatment in the majority of these dogs. This study was not designed to evaluate antihypertensive treatment in dogs receiving toceranib phosphate treatment and no conclusions regarding concurrent use of toceranib phosphate and antihypertensive treatment in hypertensive oncology patients can be drawn. Nevertheless, Group 2b dogs provide a small amount of pilot data that suggests that more investigation is needed. No attempt was made in this study to standardize treatment and antihypertensive medications were prescribed by the primary clinician for the dog. In this group, dogs with minor elevations in SBP at visit 1 did not receive antihypertensive medications and SBP at visit 2 remained mildly elevated in 2 of these dogs and normalized in the remaining 2 dogs. Enalapril monotherapy had minimal effects on SBP in the 4 dogs in which it was prescribed and a combination of enalapril and amlodipine seemed to have greater SBP-lowering effects. In people, some studies have indicated that renin and aldosterone concentrations do not show changes after treatment with toceranib-like medications 15 , suggesting that changes in these humoral factors are not playing a role in the development of HT in these patients and might indicate why monotherapy with enalapril appeared to be less effective in lowering blood pressure than enalapril combined with amlodipine besylate. A similar therapeutic effect of amlodipine has been demonstrated in rats. 34 In that study, amlodipine treatment significantly attenuated a rise in SBP when given concurrently with the TKI sunitinib, in comparison to rats treated with sunitinib alone. HT was not prevented in rats when treated with sunitinib and the ACEi captopril. 34 Current recommendations suggest that people with angiogenesisinhibitor related HT should be treated using standard protocols. 33 Our uncontrolled results suggest that further investigation of therapeutic efficacy of antihypertensive medications in these veterinary patients is warranted.
Group 2a dogs had significantly higher UPC values at both time points; this finding suggests that dogs with neoplastic processes might be more likely to have preexisting or concurrent proteinuria before treatment with TKI. Dogs in Group 2a were more likely to have an abnormal UPC1 and UPC2 while none of the control dogs had an abnormal UPC at either time point. While conclusions regarding proteinuric effects of TKI in this small group of dogs cannot be established with certainty, TKI-associated proteinuria is a well-documented adverse effect in people. The exact mechanism of this effect remains unclear. Interestingly, ACEi prevented TKI-induced proteinuria in rats while amlodipine did not, suggesting a separate mechanism of action of these deleterious effects. 34 The increased number of abnormal UPC values documented at either visit suggests that UPC screening might be valuable in characterizing these patients before and during treatment.
Limitations
The primary limitation of this prospective study was the low number of study animals enrolled, which might have limited the power of some analyses. Although the increase in SBP was significant for Group 2a patients, the power of analyses to detect differing proportions of patients HT or proteinuric after toceranib treatment using the number of dogs enrolled was approximately 50%, increasing the likelihood of failing to identify a true effect should it exist. The proportions of dogs affected are similar to people receiving similar drugs, but not every dog had increases in SBP and some decreased. Some relatively small recorded changes might be due to the variability in the reliability of noninvasive BP measurement techniques in dogs. 22, 24, 35 We attempted to minimize variability by confirming abnormal readings with a second measurement and using a standard measurement protocol with the same operator for BP measurements, and used a control group of normal dogs to control for week-to-week variability in measured BP values. 23 The BP measurement techniques used are standard for our clinical patients and reflect commonly available and commonly used techniques.
The relatively small number of dogs might have not only obscured real changes in UPC values after administration of the medication but it is also possible that UPC was unaffected by toceranib treatment and changes noted were random or a consequence of the dogs' underlying neoplasia. Although UPC is considered a valid assessment of proteinuria in dogs, day to day variability should be taken into effect when evaluating this test. 36 Urine cultures were not performed in all dogs to exclude UTI.
The duration of this study (14 days) might have limited the degree of change in SBP and UPC noted. In people treated with angiogenesis inhibitors, progressive increases in BP might be seen up to 3-4 weeks after initiation of treatment. 5, 15 The timing of our second evaluation was based on other clinical factors related to the patient's chemotherapy schedule; results from human studies suggest that increases in SBP might have been more pronounced had the dogs been followed further.
Both NSAID and corticosteroids are commonly used in this population and might result in retention of sodium and water through either inhibition of renal prostaglandins (NSAID) or as a consequence of elevated blood cortisol (corticosteroids). 37 The effect on SBP and proteinuria might be variable and depend on dose and dosing schedule. Healthy dogs treated with hydrocortisone do not appear to have an increase in SBP or UPC after 5 days but do show a mild increase after 28 days in both variables, although this increase did not result in systemic hypertension or proteinuria (UPC > 0.5) in one study. 38 In another study, healthy dogs treated with high doses of prednisone (2 mg/kg q12 hour) develop clinically significant proteinuria (UPC > 0.5) by 14 days of treatment. 39 The dose and dosing frequency of these medications were not controlled in this study and were highly variable depending on the needs of the dog, but only 1 of the 4 dogs receiving prednisone at baseline was hypertensive and proteinuric, with normal SBP and UPC values in the remaining 3 dogs. Some influence of prednisone on the SBP or UPC in this single dog cannot be excluded.
Last, this study did not involve a group of dogs treated with other chemotherapeutic agents, so the baseline SBP and UPC characteristics, as well as the response of these values to chemotherapy, remains unknown.
In summary, toceranib phosphate treatment was associated with significant increases in SBP in dogs with varying tumor types in this study, and 37% of treated dogs experienced development of SBP ≥ 160 mmHg, a range associated with increased risk for target organ damage and warranting antihypertensive treatment. Furthermore, our baseline findings suggest that proteinuria and HT are present at clinically relevant prevalences in the oncology population before antineoplastic therapies. These findings suggest that screening for these comorbidities might be reasonable, even if treatment with agents other than toceranib phosphate is contemplated. 
